Several actinomycetes strains were isolated from different marine sponges collected from the Red Sea shore in Egypt. The efficiency of their crude extracts to inhibit histone deacetylase (HDAC) enzyme was investigated in the nuclear extract of Hela cell line. The crude extract corresponding to Streptomyces sp. SP9 isolated from the marine sponge Pseudoceratina arabica showed a promising HDAC inhibitory activity with 64 and 81% at 50 and 100 µg/ml, respectively. The strain was identified as Streptomyces sp. by phylogenetic analyses based on its 16S rRNA gene sequence. The major compounds of Streptomyces sp. SP9 were isolated and purified by different chromatographic methods. The chemical structure of the isolated compounds was identified on the basis of their spectroscopic data including mass, 1 H and 13 C NMR, and by comparison with those of authenticated samples. Structures of compounds 1 and 2 were established as heliomycin and tetracenomycin D, respectively. These compounds exhibited HDAC inhibitory activities with IC 50 values of 29.8 ± 0.04 µg/ml for heliomycin (1) and 10.9 ± 0.02 µg/ml for tetracenomycin D (2). A computational docking study for compounds 1 and 2 against HDAC1, HDAC2, and HDAC3 was performed to formulate a hypothetical mechanism by which the tested compounds inhibit HDAC. Tetracenomycin D (2) showed a good binding interactions with HDAC2 (− 5.230 kcal/mol) and HDAC3 (− 6.361 kcal/mol).
Introduction
Genetic defects such as chromosomal abnormalities, gene mutations, insertions, and deletions are considered as the main leading cause of cancer (Bolden et al. 2006) . However, epigenetic alterations of gene expression/regulation due to modifications of histone proteins were also found to have a significant contribution to the onset and progression of cancer (Konstantinopoulos et al. 2007 ). This mechanism is controlled by the process of chromatin condensation as a result of post-translational modifications of lysine residues in the N-terminal tail of histone (La Thangue 2004) . Lysine modifications in histone protein are mainly represented in both acetylation and methylation, which influence the structural integrity of chromatin and the transcriptional activity as well (Jenuwein and Allis 2001) . Acetylation/deacetylation process of both histone and non-histone proteins is suggested to be governed by two groups of enzymes, histone acetyltransferase (HAT), and histone deacetylase (HDAC). The balance between acetylation and deacetylation of histone was reported to regulate gene expression via chromatin modifications (Marks et al. 2000; Roth et al. 2001 ). Acetylation of histone by HAT plays a central role in the relaxation of chromatin structure and subsequent increase of transcriptional activity, whereas histone deacetylation by HDAC results in more compacted chromatin, thus repressing gene transcription. Expression of apoptotic factors, proteins that regulate cell differentiation and cell cycle progression, was found to be assigned to histone acetylation. However, an increased level of histone deacetylation is linked to the development of cancer via activation of tumor regulatory genes (Mottamal et al. 2015) . As per literature, inhibition of HDAC activity is considered as a promising drug target in the field of cancer therapy (Yan et al. 2016) .
Marine environment remains unexplored source of natural products with unique structures (Blunt et al. 2017) . The development of bioactive secondary metabolites from marine origin, particularly from marine invertebrates like sponges-associated microorganisms, gains the attention of several research groups (Belarbi et al. 2003; Piel et al. 2004; Abdelmohsen et al. 2014) . Actinomycetes commonly exist as symbiotic microorganisms, particularly associated with marine sponges (Radwan et al. 2010) . They are good sources for new lead or seed compounds in drug discovery (Abdelfattah et al. 2012 (Abdelfattah et al. , 2016a Yixizhuoma et al. 2015 Yixizhuoma et al. , 2017 . The in vitro anti-cancer effect of various natural compounds from different marine sponge-associated actinomycetes was investigated against several cancer cell lines (Izumikawa et al. 2010; Li et al. 2011 ). In our searching for bioactive secondary metabolites from marine microorganisms (Elmallah et al. 2017) , we report two potent HDAC inhibitors (HDACIs), heliomycin (1) and tetracenomycin D (2) (Fig. 1) isolated from marine sponge Pseudoceratina arabica-associated Streptomyces sp. SP9.
Materials and methods

Collection of sponge samples
Four sponge samples were collected by diving in Ras Mohammed, South of Sinai, Egypt. The samples were identified as Pseudoceratina arabica, Erylus lendenfeldi sollas, Spheciospongia mastoidea, and Hyrtios erectus by Prof. Rob. W. M. van Soest (University of Amsterdam, Netherlands). The fresh samples were preserved in ice-cold sterile Ziploc bag containing seawater and then transported to our laboratory.
Isolation of actinomycetes
To isolate the sponge-associated actinomycetes, the sponge samples were rinsed several times with sterilized seawater to remove unwanted debris. Each sample was cut into small pieces and then aseptically homogenized using sterile sea water. 100 µl of the diluted homogenates (10 − 1 -10 − 3 ) were spread on two different actinomycete-selective M1 and ISP2 media (Mincer et al. 2005) . Cultivation media were prepared with 50% sterilized sea water, supplemented with Nalidixic acid (50 µg/ml) and cycloheximide (75 µg/ml) as anti-bacterial and anti-fungal agents, respectively. Plates were incubated at 28 °C for 7-30 days until the colonies appeared. The colonies of representative actinomycetes were picked up and subsequently spread on ISP2 media. Each strain was purified by streaking method and took a voucher number. The isolated strains were identified based on the morphological appearance (Kieser et al. 2000) .
Preparation of crude extracts
The isolated strains were cultivated in 250 ml Erlenmeyer flasks containing 100 ml of Waksman medium (glucose: 2.0 g/100 ml, meat extract: 0.5 g/100 ml, peptone: 0.5 g/100 ml, dried yeast: 0.3 g/100 ml, NaCl: 0.5 g/100 ml, and CaCO 3 : 0.3 g/100 ml) in 50% sea water. The liquid cultures were grown at 28 °C for 3-5 days with continuous shaking at 200 r.p.m. The culture broths were subjected to a consecutive extraction with ethyl acetate. The residual cell pellets were extracted with acetone. Afterwards, the solvents of both culture broth and mycelia were evaporated and stored in small vial at − 20 °C for further use. Each vial took a serial number corresponding to the identification number of its strain. Each crude extract was dissolved in dimethyl sulfoxide (DMSO) for further investigation.
HDAC inhibition screen
The HDAC inhibition activity of the crude extracts was measured with HDAC colorimetric assay kit (BioVision, Linda Vista Avenue, Mountain View, CA; Catalog #K331-100). Positive control was referred to HDAC in the nuclear extract of Hela cell line. The HDAC inhibitor of trichostatin A (TSA) 100 ng/ml was used to demonstrate the specificity of deacetylase activities. In 96 well plate, the crude extracts of the isolated strains at concentrations of 50 and 100 µg/ ml were incubated with HeLa nuclear extract, l0 µl of the 10X HDAC assay buffer, and 5 µl of the HDAC colorimetric substrate at 37 °C for 1 h. To stop the reaction, 10 µl of lysine developer was added. Finally, the plate was incubated
Heliomycin ( at 37 °C for 30 min and the developed color was measured at 405 nm using ELISA plate reader.
Upscaling, extraction, and isolation of compounds from of Streptomyces sp. SP9
A small piece of a well grown agar strain was used to inoculate 100 ml of Waksman media in 250 ml Erlenmeyer flasks. The culture was incubated at 28 °C for 3 days. Afterwards, 5 ml of the inoculum was added to 100 ml of a freshly prepared liquid Waksman media. The inoculated media were further incubated at 28 °C with continuous shaking at 120 rpm for 5 days. The crude extract of the tested strains was prepared by centrifugation of the liquid culture at 4000 rpm for 15 min followed by successive solvent extraction with ethyl acetate. The mycelial fraction of each strain was extracted with acetone. Following removal of acetone, the aqueous solution was extracted with ethyl acetate. The extracts from water phase and biomass were combined under reduced pressure. The crude extract (2.33 g) was fractionated using silica gel PSQ100B column chromatography with a gradient of 0-100% MeOH/CH 2 Cl 2 to yield four fractions. Sephadex LH-20 column was used to purify fraction II (123.3 mg). Compounds were finally purified by preparative thin layer chromatography (PTLC) to give heliomycin (1, 5.1 mg) and tetracenomycin D (2, 4.6 mg). ([D 6 ] DMSO, 125 MHz): δ C = 204.9 (C-2), 183.5 (C-6), 170.7 (C-3), 170.5 (C-5), 167.6 (C-7), 162.1 (C-10), 152.7 (C-11a), 152.1 (C-9), 142.2 (C-11c), 139.1 (C-9b), 128.5 (C-8), 128.4 (C-9a), 118.2 (C-11), 114.2 (C-11b), 107.1 (C-6a), 105.9 (C-5a), 102.1 (C-2a), 99.4 (C-4), 46.1 (C-1), 28.9 (2Me-1), . .5 (C-11), 141.0 (C-6a), 139.5 (C-10), 135.3 (C-4a), 127.7 (C-5a), 123.0 (C-6), 120.9 (C-9), 119.4 (C-10a), 111.3 (C-4), 108.7 (C-12a), 108.6 (C-2), 107.8 (C-7), 106.3 (C-11a), 24.2 (Me-10).
Heliomycin (1): Orange solid; (-)-ESI-MS m/z 375 ([M-H] − ; (-)-HRESI-MS
Tetracenomycin D (2): Red solid, (-)-ESI-MS: m/z (%) = 335 ([M-H]−,
Docking experiment
Crystal structures of histone deacetylases (HDAC) were obtained from the Protein Data Bank with PDB codes: 5ICN (HDAC1), 4LXZ (HDAC2), and 4A69 (HDAC3). Docking of heliomycin (1) and tetracenomycin D (2) was carried out using Schrodinger 16.4 software Glide's Extra Precision (XP) (Friesner et al. 2006) . The best Docking Score is obtained as the most negative value for the active ligands. Heliomycin (1) and tetracenomycin D (2) were assembled using the Maestro 9.2 and LigPrep 2.4 software. Parameters of the molecular docking were set to the default hard potential function. The active positions were set within 10 Å radius around the ligand found in histone deacetylases (HDAC) structures. The ligands were docked with the active site using the 'extra precision' glide docking (Glide XP) which docks ligands flexibly. The size of grid box for each protein was set to 20 Å by default. The binding site residues of each protein are summarized in Table 1 .
Results and discussion
The Red Sea is a rich and diverse ecosystem. It has various kinds of marine habitats such as sea-grass beds, mangroves, coral reefs, numerous fish species, sponges, and different microbial communities (Alkershi and Menon 2011; Mustafa et al. 2014) . However, little investigations have been conducted to explore the actinobacterial communities from the Red Sea sponges (Abdelmohsen et al. 2014 ).
Isolation of actinomycetes and HDAC screening
Fifteen actinomycete-associated sponges were isolated from four sponge samples collected from Ras Mohammed Protectorate in Sharm el-Sheikh, South of Sinai, Egypt. Actinomycetes had been identified by their morphological characters (Kieser et al. 2000) . The highest number of actinomycetes was obtained from Pseudoceratina arabica (i.e., seven strains) followed by Erylus lendenfeldi sollas (i.e., four strains) and Spheciospongia mastoidea (i.e., three strains). The sponge Hyrtios erectus also produces one actinomycete. The isolated strains were cultivated in 250 ml Erlenmeyer flasks and each has 100 mL of Waksman medium at 28 °C for 5 days (Waksman 1961) . After extraction with ethyl acetate and methanol, the crude extracts were produced and took a number similar to the number of its own actinomycete strain. As we interested in bioactive natural products from actinomycetes (Abdelfattah et al. 2016a, b) , the effect of crude extracts (SP1-SP15) on histone deacetylase (HDAC) inhibitory activity was examined using HeLa nuclear. All crude extracts were prepared at the final concentrations of 50 and 100 µg/ml (Fig. 2) . Five extracts corresponding to the actinomycetes SP1, SP3, SP8, SP9, and SP11 significantly inhibited HDAC activity as compared to the trichostatin A (100 ng/ml). The crude extract of SP9 isolated from Pseudoceratina arabica exhibited the most potent HDAC inhibition of 64 and 81% at 50 and 100 µg/ml, respectively. From the literature, several actinomycetes crude extracts exhibited potent HDAC activity (Varghese et al. 2015) . The promising bacterial strain SP9 was characterized based on partial 16S rRNA gene sequencing (Kisser et al. 2000; Abdelfattah et al. 2016a, b) . The 16S rRNA gene sequence (1123 bp) of the strain SP9 was obtained and submitted to GenBank with the number KU182929. The partial 16S rRNA gene sequence analysis showed that SP9 to be most similar to those of Streptomyces flavoviridis and Streptomyces heliomycini, with sequence identities of 100 and 99%, respectively. A maximum-likelihood tree (Radwan et al. 2010 ) was constructed for the isolate SP9 to show the relationship between the strain and some other related actinomycetes species (Fig. S1 ). Bootstrap analysis was used to assess the tree topology by performing 1000 resembling (Piel et al. 2005) . From the tree, the high similarity and high bootstrap values proposed that the bacterial strain SP9 belonged to the genus Streptomyces sp. The concentration of each sample in the reaction mixture was 50 and 100 µg/ml. Trichostatin A (100 ng/ml) was used as a positive control Production, purification and structure assignment of secondary metabolites
To isolate and identify compounds responsible for the histone deacetylase inhibitory activity (HDAC) in the crude extract of SP9, the strain was subjected to upscale fermentation. The Streptomyces sp. SP9 was cultivated on 6 L Waksman medium for 5 days at 28 °C. The liquid culture was centrifuged and extracted to give a brown biomass. The crude extract was applied to silica gel column chromatography to give four fractions. Working up of the fractions resulted in the isolation of the heliomycin (1) and tetracenomycin D (2). The molecular weight of 1 was determined to be 376 Daltons by electrospray ionisation mass spectrometry (ESI-MS). The low-resolution ESI-MS (Fig. S4) (Fig. S2 ) revealed four chelated hydroxyl groups (δ H 14.55, 14.36, 14.07, and 11.72) and three singlets aromatic protons (δ H 7.21, 7.01, and 6.31). The spectrum also showed one methyl signal (δ H 2.90) and two magnetically equivalent methyl groups singlet (δ H 1.56). The 13 C NMR spectrum of 1 (Fig. S3) showed signals for 2 carbonyl groups (δ C 204.9 and 183.5), 4 aromatic carbons bearing oxygen (δ C 170.7, 170.5, 167.6, and 162.1), and 12 additional aromatic carbons (δ C 152.7-99.4). Moreover, one aliphatic carbon (δ C 46.1), two methyl groups (δ C 28.9), and one aromatic methyl (δ C 25.5) were observed. Compound 1 (Fig. 1) was identified as heliomycin (1) by searching in SciFinder and comparing the NMR data with literature values (Kock et al. 2005) . Compound 2 was obtained as a red solid and gave a red color after spraying with 2N sodium hydroxide solution. Using anisaldehyde/sulphuric acid and heating, color of compound 2 was turned to blue. The UV range of 2 (maxima 213, 278, 338 and 487 nm) looks like the UV spectra of different natural anthraquinones (Abdelfattah et al. 2003) . The (-)-ESI mass spectrum (Fig. S7) (δ C 123.0, 120.9, 111.3, 108.7, and 107.8) , and another seven sp 2 quaternary carbons. In the aliphatic reign, one methyl group (δ C 24.2) was observed. A search in SciFinder, with the NMR data of 2, gave one compound designed as tetracenomycin D (Fig. 1) . The structure of 2 was affirmed by comparison of the NMR data with those in the literature (Rohr et al. 1988) .
HDAC assay and docking study
The histone deacetylase inhibition activity of heliomycin (1) and tetracenomycin D (2) was performed, as shown in Fig. 3 . Three different concentrations (25, 50, and 100 µg/ ml) of compounds were tested. Both compounds possessed a marked inhibition effect toward HDAC activity at the depicted concentrations. The results showed that percentage of inhibition for heliomycin (1) was determined to be 64, 78.1, and 88% at 25, 50, and 100 µg, respectively. The IC 50 value for heliomycin (1) was found to 29.8 ± 0.04 µg/ ml. Tetracenomycin D (2) exhibited more inhibition effect toward HDAC activity than heliomycin (1) with IC 50 value of 10.9 ± 0.02 µg/ml. Heliomycin (1) and tetracenomycin D (2) were previously isolated from different actinomycetes (Rohr et al. 1988; Kock et al. 2005) . Their anti-proliferative effects were detected against different cancer cells (Lee et al. 1993; Martin et al. 2001; Gorajana et al 2007; Vijayabharathi et al. 2011) , whereas the effect of these compounds on the HDAC activity has not yet been reported. To expect the binding mode of heliomycin (1) and tetracenomycin D (2) in the active sites of the human histone deacetylases HDAC1, HDAC2, and HDAC3, molecular docking was carried using the Glide software. The HDAC1 can bind with heliomycin (1) through two hydrogen bonds with Lys331 (A) and Arg279 (B) (Fig. 4; Table 2 ). Tetracenomycin D (2) can form two hydrogen bonds with Lys331 (A) and Thr333 (A). The docking scores of HDAC1 with compounds 1 and 2 were − 3.974 and − 4.678 kcal/mol, respectively.
The binding mode of heliomycin (1) with HDAC2 ( Fig. 5 ; Table 2 ) showed it can form one hydrogen bond with Glu 208(A) and two π−π interactions with Tyr 338(B). It has The docking results also showed that tetracenomycin D (2) having the highest docking score of − 6.361 kcal/mol and maximum inhibitory activity with HDAC3 ( Fig. 6 ; Table 2 ). It forms hydrogen bonds with Arg 345(A), Gln 71 (B), Glu 102 (B) and Gly 452(D). On the other hand, interaction of heliomycin (1) with HDAC3 showed a docking score of − 5.1831 kcal/mol and one hydrogen bond formation with Glu 347(A). Based on the in silico and in vitro data, heliomycin (1) and tetracenomycin D (2) seem to exhibit pronounced inhibitory activity against histone deacetylase (HDAC). This research work reveals that sponge-associated actinomycetes may be a valuable source of natural products with promising biological activity.
Conclusion
In conclusion, 15 actinomycetes were isolated from 4 different sponge samples collected from the Red Sea. The crude extract obtained from the Streptomyces sp. Sp9 isolated from the Red Sea sponge Pseudoceratina arabica had the most potent HDAC inhibitory activity. The main constituents of the extract were heliomycin (1) and tetracenomycin D (2). These compounds are groups of widely distributed microbial natural compounds with diverse pharmacological activities. In this way, we introduce heliomycin (1) and tetracenomycin D (2) as promising natural products with histone deacetylase inhibitory activity.
